In a study of 302 Mycobacterium tuberculosis clinical isolates from the low-incidence Canadian-born population of Quebec, we characterized a large endemic strain family by using genomic deletions. The DS6 Quebec deleted region (11.4 kb) defined a strain family of 143 isolates encompassing two subgroups: one characterized by pyrazinamide (PZA) susceptibility and the other marked by a PZA-monoresistant phenotype. A second deletion (8 bp) in the pncA gene was shared by all 76 isolates with the PZA resistance phenotype, whereas a third DRv0961 deletion (970 bp) defined a further subset of 15 isolates. From their deletion profiles, we derived a most parsimonious evolutionary scenario and compared multiple standard genotyping modalities (using IS6110 restriction fragment length polymorphism [RFLP], spoligotyping, and mycobacterial interspersed repetitive units [MIRU]) across the deletion-based subgroups. The use of a single genotyping modality yielded an unexpectedly high proportion of clustered isolates for a high IS6110 copy strain (27% by IS6110 RFLP, 61% by MIRU, and 77% by spoligotyping). By combining all three modalities, only 14% were genotypically clustered overall, a result more congruent with the epidemiologic profile of reactivation tuberculosis, as suggested by the older age (mean age, 60 years), rural setting, and low proportion of epidemiologic links. These results provide insight into the evolution of genotypes in endemic strains and the potential for false clustering in molecular epidemiologic studies.
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In the past decade, population-based molecular epidemiologic studies of tuberculosis (TB) have been performed in a number of geographically and socially diverse populations (4, 14, 33) . Through the use of different genotyping methods (predominantly IS6110-based restriction fragment length polymorphism [RFLP] ), various studies have determined the proportion of genotypically clustered isolates and thereby inferred the extent of recent transmission in a population (3) . In the process, a number of widespread Mycobacterium tuberculosis strains have been recognized and further characterized in an attempt to better define their global prevalence and epidemiologic impact (5, 11, 12, 23, 43) .
To date, strain families have primarily been recognized by similar patterns by using genetic markers (e.g., IS6110 patterns) (23) with further refinements, including the demonstration of shared IS6110 insertion sites (24) and/or characteristic drug resistance sequence polymorphisms where present (5) . More recently, genomic deletions have presented themselves as unidirectional evolutionary polymorphisms useful for deriving phylogenies of the M. tuberculosis complex and M. tuberculosis sensu stricto isolates (22, 27) . Since M. tuberculosis has a clonal population structure, and strains studied to date have revealed an average of 2.9 such deletions per clone, it follows that documenting a signature region of DNA lacking only from certain isolates would effectively define the strain and/or family of interest (22) .
In Quebec, Canada, we have characterized a prevalent pyrazinamide (PZA) monoresistant M. tuberculosis family based on a distinct mutation profile in the pncA gene (28) . The epidemiologic profile of pncA mutant cases and randomly sampled Canadian-born controls was reported previously and provided strong evidence against recent epidemic spread. On closer inspection of the IS6110 RFLP patterns of isolates without the pncA mutation, there appeared to be evidence of a much larger M. tuberculosis family, encompassing both PZAresistant and PZA-susceptible organisms. To better define this larger endemic M. tuberculosis family of Quebec, we used genomic analysis to look for deleted regions shared by all or some isolates under study. By testing for the presence or absence of specific genomic regions, we have inferred an evolutionary scenario for these closely related bacteria, thereby defining subgroups of increasing genetic similarity. Our results of an endemic strain permit us to compare the microevolution of multiple standard genotyping modalities (IS6110 RFLP, spoligotyping, and mycobacterial interspersed repetitive units [MIRU] ) and provide insights regarding the impact of endemic strains in molecular epidemiologic studies.
Study design. All cases of PZA-resistant (PZA-R) M. tuberculosis and a 20% random sampling of PZA-susceptible (PZA-S) M. tuberculosis isolates in Canadian-born subjects during the 1990 to 2000 period were initially evaluated. Among PZA-R isolates, only those harboring a specific "Quebec" mutation profile in the pncA gene (described below) were included in the study. Isolates were excluded from the study if the patients did not live in Quebec at the time of diagnosis.
Materials. All culture-positive active TB cases (ca. 90% of reported cases) in the province of Quebec are reported and sent to the provincial public health laboratory (Laboratoire de Santé Publique du Québec) for culture confirmation and routine drug susceptibility testing (including pyrazinamide). Susceptibility to PZA was determined by the radiometric method (BACTEC 460) (17) . PZA resistance was defined as an MIC of Ͼ100 mg/liter and was confirmed with the pyrazinamidase activity assay (45) . Additional biochemical and genetic tests were performed to exclude M. bovis as previously described (28) .
Epidemiologic data. Baseline demographic and clinical data were obtained from the provincial database of reportable diseases (Maladies A Declaration Obligatoire database). Epidemiologic links were obtained from public health chart review and defined as a family, close social, school, or workplace contact with a previous active TB case.
Genotyping. M. tuberculosis DNA was extracted from clinical isolates by standardized methods, and all study isolates were characterized by the following tests. The "Quebec" mutation profile in the pncA gene-an 8-bp deletion (ATGGCTTG at position 446) and point mutation (C to A) at position 418-was identified by PCR-restriction fragment length polymorphism (RFLP) as described previously (28) . IS6110 RFLP by Southern blot was performed by standardized methods (41) . Spoligotyping (or spacer oligonucleotide typing) was done by using a PCR-based technique which detects the presence or absence of 43 unique sequence spacers in the direct repeat (DR) locus (Isogen Bioscience BV, Maarssen, The Netherlands) (20) . The principal genetic groups based on polymorphisms at the katG463 and gyrA95 loci (37) were determined by using molecular beacon assays with real-time PCR (ABI Prism 7700 Sequence Detection System; Perkin-Elmer Applied Biosystems, Wellesley, Mass.) (29) . MIRU genotypes based on the number of copies of repeated units at 12 independent loci across the genome were determined by PCR as previously described (38) .
Identification of genomic deletions. The genomic DNA of two prototypical clinical isolates was hybridized to the Affymetrix M. tuberculosis GeneChip Array according to previously published methodologies (22, 27, 30) . To identify genomic deletions specific to the PZA-R clone, we selected one such isolate (no. 13239). To identify deletions potentially marking the larger family, we tested one PZA-S isolate (no. 19218) that shared a similar IS6110 RFLP pattern and a "signature" spoligotype deletion of direct variable repeat (DVR) 9 and 10. Potentially deleted regions were then confirmed by PCR bridging across the deletion and mapped to the base pair against the H37Rv genome by sequencing and sequence alignment against published genome sequences (Tuberculist, http://genolist.pasteur.fr /TubercuList/). The sequence of primers used are outlined in Table 1 . Once confirmed, these regions were tested across the entire panel of isolates by PCR-based analysis. Briefly, a region was considered present when it could be amplified by PCR with the internal primers within the region. A region was judged to be deleted if it failed to amplify with the internal primers and when the amplification of both the IS6110 flanking regions gave the expected PCR products corresponding to a deleted region. To further verify the specific deletion, the absence of this genomic region was demonstrated by either (i) PCR amplification across both the IS6110 element and deleted region and/or (ii) PCR amplification with primers specific to the IS6110 junction sites bridging across the IS6110 element. IS6110 insertion-specific primers were designed as 25-bp primers that include 20 bp of the deletion flanking sequence and 5 bp of the 3Ј or 5Ј end of the IS6110 sequence in order to confirm that the deletion occurred at the exact same base pair.
Genotype analysis. IS6110 RFLP and MIRU results were scanned into Syngene GeneTools (Synoptics, Cambridge, United Kingdom) and digitized for computer-assisted visual reading by two independent readers. IS6110 RFLP cluster analysis was restricted to high-copy-number isolates (greater than four bands) and was performed with the MFA software (Molecular Fingerprint Analyzer J, v2.0; Stanford Center for Tuberculosis Research). IS6110 RFLP patterns were considered clustered when all bands were identical matches. Dendrograms were constructed with the Dice coefficient (within 2% tolerance) by using the UPGMA (unweighted pair group method with arithmetic mean) algorithm in Gel Compar II (Applied Maths, Kortrijk, Belgium). The Dice coefficient derived from the IS6110 RFLP was used to estimate a genetic similarity index between isolates. Spoligotype and MIRU patterns were coded and analyzed manually as an Excel document by using the sort function. Cluster analyses by IS6110 RFLP, spoligotype, and MIRU were conducted in parallel and subsequently integrated for the concordance analysis. Two genotyping modalities were called concordant if a pair of isolates had matching genotypes with both modalities. In our multimodality analysis, a cluster had to have matching genotypes in all three modalities.
Epidemiologic analysis. Using genomic deletions to define the sets and subsets of related isolates, we explored the demographic characteristics of patients within each set and tested for the proportion that had epidemiologic links, suggestive of ongoing transmission. Continuous variables were compared by using the t test, and categorical variables were compared by using the chi-square test or the Mantel-Haenszel chi-square test (version 8.0; SAS Software, Cary, N.C.). Statistical testing was considered significant when the P value was Ͻ0.05.
RESULTS
We initially examined 354 clinical isolates (101 PZA-R and 253 PZA-S). Among the 101 PZA-R isolates, 77 PZA-R isolates were deemed clonally related because of a common "Quebec" mutation profile in the pncA gene. Furthermore, they all belonged to the principal genetic group 2, had a "signature" deletion of DVR 9 and 10 in their spoligotype patterns, and shared similar, but not identical IS6110 RFLP patterns. We excluded 23 PZA-R isolates without the "Quebec" mutation profile, 23 PZA-S isolates with fewer than five IS6110 bands, 5 isolates with incomplete genotypes, and 1 PZA-R isolate due to PCR inhibition. A total of 302 isolates remained in the study, with 77 PZA-R and 225 PZA-S isolates. From the genomic study of two prototype isolates (PZA-R isolate 13239 and PZA-S isolate 19218), we confirmed two deletions of interest (Fig. 1) . The first deletion is an 11.4-kb region (positions 1987457 to 1998849) deleted from both PZA-S and PZA-R isolates, named DS6 Quebec , and associated with an IS6110 insertion. This deletion truncates the plcD (Rv1755) and Rv1765c genes, thereby eliminating the nine intervening open reading frames present in H37Rv. Several different IS6110 insertion sites and deletions (of variable locations and size) have previously been reported in that region (18, 22, 31) , including the RvD2 deletion in the H37Rv strain (7) and the DS6 deletion described by Kato-Maeda et al. (22) . The second deletion named DRv0961 was observed in the PZA-R isolate (no. 13239) only. It consists of a 970-bp deletion (positions 1074273 to 1075243) compared to H37Rv and is associated with the insertion of an IS6110 element. The genes Rv0961 and lprP (Rv0962c) genes are disrupted by the deletion. Both deleted regions involve the truncation of open reading frames annotated in H37Rv, M. tuberculosis strain CDC1551, and M. bovis strain 2122. They can therefore be confidently classified as deletions from the strains under study, and are most likely IS6110 mediated events.
By testing for these deletions across the study panel, we were able to successfully assign their presence or absence in 298 of 302 isolates. In 3 PZA-S isolates and 1 PZA-R isolate, the flanking regions failed to amplify, leaving 222 PZA-S and 76 PZA-R isolates for deletion analysis. The DS6 Quebec region was deleted from all 76 PZA-R samples and 67 of 226 PZA-S samples. These 143 isolates were characterized by related IS6110 RFLP profiles as shown in Fig. 2 (mean similarity index ϭ 80%; standard deviation [SD] ϭ 8%) and the absence of DVR 9 and 10 in their spoligotype. Among these 143 DS6 Quebec (Ϫ) isolates, the 76 PZA-R shared the same 8-bp deletion within the pncA gene. Finally, the DRv0961 region was deleted in 15 isolates, all of which had both the pncA deletion and the DS6 Quebec deletion. This subset was designated Drv0961(Ϫ). We derived the most parsimonious evolutionary scenario based on the isolates' deletion profiles (Fig. 3) . The following simple observations suggested the validity and robustness of the deletion-based phylogeny: all DRv0961(Ϫ) isolates were PZA-R with the pncA Quebec mutation, all isolates of the pncA Quebec clone were DS6 Quebec (Ϫ), and all DS6 Quebec (Ϫ) isolates belonged to principal genetic group 2 as described by Sreevatsan et al. (37) .
Accepting that the deletion-based family tree captures the evolutionary scenario of this Quebec family of M. tuberculosis, we turned to the evolution of rapidly evolving genotyping markers used for epidemiologic studies (IS6110 RFLP, spoligotype, and MIRU). To facilitate this analysis, we arbitrarily assigned the isolates to four mutually exclusive groups (groups 1, 2, 3, and 4) as outlined in Fig. 3 . The proportions of isolates with matching fingerprints by individual genotyping modality are presented for each group in Table 2 . In keeping with our expectation that the deletion-based groups defined evolution- on October 14, 2017 by guest http://jcm.asm.org/ ary steps of a strain family, the mean similarity index by IS6110 for each group was 47% (SD ϭ 16%) for group 1, 77% (SD ϭ 8%) for group 2, 87% (SD ϭ 6%) for group 3, and 91% (SD ϭ 5%) for group 4. The genetic diversity of each group, as represented by the number of genotyping patterns relative to the number of isolates, also decreased from group 1 to group 4. By combining all three modalities, we observed a gradient of increasing concordance across the three modalities consistent with the successive steps of our evolutionary scenario. Furthermore, all triple-matched clusters (16 clusters with n ϭ 42) were confined to the same deletion-defined group, with the exception of one cluster of 2.
In this low-incidence study population, the proportion of matching genotypes was surprisingly high. By IS6110 identical matching, the proportion clustered was 27%, whereas it increased to 49% if a one-IS6110-band difference was tolerated. Using spoligotyping and MIRU, the proportion of isolates matched was 77 and 62%, respectively. To investigate whether these high rates of clustering represented ongoing transmission, we performed a more conservative analysis by requiring matching patterns across all three modalities to infer transmission events. Using this approach, only 14% (42 of 298) of all isolates would be clustered, suggesting that 9% of active TB cases were due to ongoing transmission (using the "n Ϫ 1" method). The epidemiologic profile of each deletion-based groups is presented in Table 3 . Of interest, we identified 11 clusters of up to seven cases in group 1. Among these 29 clustered cases, 8 had identified epidemiologic links, 6 of which agreed with genotypic matching, suggesting to us that some of these group 1 clusters represent unrecognized transmission events. Conversely, it is also noteworthy that of four cases with epidemiologic links in group 4, two were linked to cases with different genotypes and without the DRv0961 deletion. This suggested that upon close investigation for contacts, one can occasionally obtain false-positive epidemiologic links. Clustered cases by IS6110 RFLP alone are contrasted with clustered cases with matching across all three modalities in Table  4 . In both analyses, the epidemiologic profile is not particularly suggestive of epidemic TB; however, the association of age appeared more pronounced when we used matching across the different modalities.
DISCUSSION
Molecular epidemiologic studies were initially performed in defined geographic regions (such as cities or neighborhoods) over a relatively short period of time (typically 2 to 5 years) (1, 33, 40) . In these settings, IS6110 RFLP clustering analysis provided epidemiologic inferences that were well validated and became a valuable tool for understanding the transmission patterns of TB. Since then, many studies have expanded their (2) a Groups 1, 2, 3, and 4 are defined in Fig. 3 . The percent clustered represents the proportion with matching genotypes in the group. ‫,ء‬ statistically significant difference (P Ͻ 0.05) when groups 2 and 3 are compared to group 4.
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on October 14, 2017 by guest http://jcm.asm.org/ scope to study longer periods of time (one or more decades) and span several states or even countries (19, 26) . In the process, a large number of isolates sharing highly related genotypes (by IS6110 RFLP or spoligotype) have been uncovered, and prevalent strain families such as the Beijing, Haarlem, or African family have been characterized (5, 12, 23, 23, 36) . Although the DS6 Quebec (Ϫ) strain family appears common in Quebec, representing perhaps one quarter of M. tuberculosis isolates in the Canadian-born, some evidence suggests that this family may be more widespread globally. For instance, Sampson et al. have identified strains harboring the exact same IS6110 3Ј-end insertion site in South Africa but without characterization of the 5Ј end or deleted region (31) .
From comparisons of diverse M. tuberculosis strains, it is now known that M. tuberculosis has a clonal population structure and has likely undergone a relatively recent clonal expansion (34, 37) . In contrast to single nucleotide polymorphisms (SNPs) that are relatively infrequent in M. tuberculosis (3.6 ϫ 10 Ϫ4 to 1 ϫ 10 Ϫ5 nucleotide sites) (13, 21, 37) , large sequence polymorphisms (LSPs) appear to be a major source of genetic variability among M. tuberculosis strains and species of the M. tuberculosis complex (13) . Among these LSPs, genomic deletions are believed to represent unique and irreversible events, where all isolates of the same strain share a truncation of open reading frames (based on H37Rv) at the same exact base pair. Consequently, these LSPs have been used to define and reconstruct the phylogeny of the M. tuberculosis complex and M. tuberculosis clinical isolates (22, 27) .
Our data suggest that the DS6 Quebec deletion "brands" a larger, potentially global family, within which the pncA and DRv0961 deletions define successive subsets. This indicates that our locally endemic strain is far more common in Quebec than previously suspected, representing nearly one-quarter of all isolates in this province, as opposed to the 6.2% attributed to the pncA clone. Although the success of this strain in Quebec may point to an inherent biologic advantage that we have not identified, we hypothesize instead that this strain has undergone a clonal expansion in the Quebec population, a phenomenon akin to the clonal expansion of M. bovis strains recently reported across herds in the United Kingdom (34). In the historically isolated French Canadian population of Quebec, a newly introduced M. tuberculosis strain may have met little meaningful competition. The coexistence of both the PZA-S (group 2) and PZA-R (groups 3 and 4) subsets and the absence of the pncA "Quebec" mutation profile in other geographic regions together suggest that the pncA deletion occurred at a later point in Quebec. Although it is not possible for us to provide a more accurate chronological definition of this family, all evidence points to an established endemic strain with little evidence of ongoing spread. Since each branch of the proposed evolutionary tree serves as a genetic landmark of this strain's evolution, the proposed scenario provides a backbone to study the evolution of the genotypic profiles. From an evolutionary perspective, members of a longstanding endemic strain should demonstrate similar, but not necessarily identical genotypes across different modalities. One would expect that the more remote the common ancestral strain, the more discordant the genetic markers should be. In contrast to studies that estimate the relative molecular clock of markers by comparing genotypic polymorphisms across a panel of potentially unrelated isolates, our results examine the evolution in parallel of these markers over time among progeny of a common ancestor. Reassuringly, with just one exception, all clusters defined by matching across the three modalities (IS6110 RFLP, spoligotyping, and MIRU) were confined to one branch of deletion-defined evolutionary scenario.
In the setting of ongoing transmission, the identification of locally or globally prevalent M. tuberculosis strains typically suggests relatively recent clonal expansion. However, the epidemiologic interpretation is challenged by the possibility that shared patterns may also represent reactivation of a locally endemic strain without epidemiologic links. For instance, in several high-incidence Asian countries, over half the isolates studied have been of the Beijing genotype, thus providing insufficient background genetic diversity to accurately discern clonal outbreaks (2, 9, 43) . Conversely, matched IS6110 RFLP patterns have been inferred to occur due to reactivation in certain low incidence settings, although it has often been difficult to confidently exclude some degree of ongoing transmission (6, 10, 46) . On the basis of our previous data showing no more evidence of transmission with our strain than with random controls, we now have a setting that permits a more thorough investigation of the impact of established endemic strains in molecular epidemiologic studies (28) .
In our sample, the use of any single genotyping modality alone resulted in a large proportion of isolates having matching genotypes and would have failed to distinguish a recent outbreak from reactivation disease. By requiring matching across all three genotyping modalities, we were able to significantly decrease the proportion of cases clustered and the size of remaining clusters. This conservative approach may underestimate recent transmission in certain epidemic settings but was deemed appropriate in our setting. The long study period (10 years) in conjunction with the relatively slow molecular clock of spoligotyping would have further contributed to the "false clustering." Although it has been previously observed that the use of two or more genotyping modality enhances the discriminatory power of DNA fingerprinting, many studies have focused on isolates with a low IS6110 copy number (8, 44) . Our results suggest that the enhanced resolution afforded by the concurrent use of multiple genotyping modalities is valuable where there are endemic strains, even when the isolates have a high number of IS6110 copies.
The degree of clustering observed in the present study when one genotyping modality alone was used should set a cautionary note to the interpretation of certain molecular clustering studies. As demonstrated here, a high proportion of matching genotypic patterns may occur in the absence of recent transmission in a setting with a low pretest probability of epidemic spread. Spoligotyping, known to be significantly less discriminatory than IS6110 RFLP in high-copy IS6110 isolates, resulted in much greater clustering (77%) than IS6110 RFLP, as expected (15, 23, 39) . MIRU, a genotyping modality recently developed, was believed to be nearly as discriminatory as IS6110 RFLP, although these data are derived from the study of small numbers of epidemiologically unrelated isolates and established outbreaks (16, 25, 32, 38) . In our analysis, MIRU analysis also resulted in a significantly higher proportion of matching patterns (61%) than with IS6110 RFLP, and this was still the case when we accepted near-identical IS6110 RFLP patterns as a match. Whether MIRU clustering performs better in population-based studies still remains to be determined (35) , but our data suggest that its ability to discriminate between unrelated isolates is unlikely to match that of IS6110 RFLP in isolates with a high copy number of IS6110. It is possible that our study of an endemic strain underestimates the discriminatory power of MIRU typing and that this genotyping modality performs better in a more diverse population. On the other hand, our study sample only represents a 20% sampling of all TB cases, thereby underestimating the proportion of clustered isolates. As MIRU typing becomes more widely used, it will be important to establish the epidemiologic validity of MIRU clusters in different settings. In our setting with an endemic strain, the results obtained suggest that both spoligotyping and MIRU may be prone to "false-positive" clustering.
Our study further supports the use of genomic deletions to define dominant strains in both high and low incidence settings, thereby facilitating the tracking and study of these strains. If we accept that the evolution of genotyping patterns may be strain dependent (42) (such as with low-IS6110-copy strains or the spoligotype pattern of the Beijing strain), this strain family nonetheless shows no unusual genotypic feature to suspect that its evolutionary pattern is unique. In describing the genotypic profile of this strain family across successive evolutionary "generations," we provide a template that may be useful in other population-based studies to recognize and characterize endemic strains.
